Introduction
Keratoconus (KC) is a bilateral, noninflammatory corneal ectasia, associated with gradual loss of visual acuity (VA). It is characterized by progressive, noninflammatory, inferior corneal thinning, steepening, and apical scarring [1] .
Several treatment methods can be offered to patients with KC. These include refractive correction (with glasses or contact lenses), implantation of intracorneal ring segments, and, in advanced stages, corneal transplantation (penetrating keratoplasty or deep anterior lamellar keratoplasty) [2, 3] .
In contrast to other methods, corneal collagen crosslinking (CXL) can provide stiffening of the cornea and possibly alter the natural history of KC. It is a well-established method and can reduce the risk of KC progression in the long term [4, 5] . It has been approved by the FDA recently for the treatment of KC and cornea ectasia. The Dresden protocol, which was the CXL technique initially described, involves 30 min of ultraviolet-A (UVA) irradiation at an irradiance of 3.0 mW/cm 2 , resulting in a total surface dose of 5.4 J/cm 2 [6] . Based on the Bunsen-Roscoe law of reciprocity, the same photochemical effect can be achieved with a reduced illumination time and a correspondingly increased irradiation intensity [7] . Several new commercially available CXL devices offer higher UVA irradiances, which allow shorter treatment times with similar energy according to the Bunsen-Roscoe law.
Recently, pulsed CXL has been proposed as an alternative to the classic Dresden protocol, considering that it may increase oxygen delivery to the cornea during treatment. More specifically, during the first 10-15 s of a continuous UVA illumination of a riboflavin-soaked cornea (under aerobic conditions), sensitized photooxidation of the substrate occurs mainly by its reaction with photochemically generated reactive oxygen species, such as singlet molecular oxygen. This is consistent with a type II photochemical mechanism. After the first 10-15 s, when oxygen becomes totally depleted, the reaction between the substrate and riboflavin becomes consistent with a type I photochemical mechanism, which takes place under anaerobic conditions. In the type I photochemical mechanism, excited riboflavin is used as substrate that generates oxygen-free radicals by riboflavin photolysis. Consequently, pulsing UVA radiation can achieve higher oxygen concentrations by reducing oxygen consumption and restarting the type II photochemical mechanism [8] .
Another recent development is the combination of CXL with refractive laser procedures in eyes with KC.
Promising functional and structural outcomes have been reported using these techniques [9, 10] .
A corneal stroma demarcation line has been described to develop after CXL with the Dresden protocol. It can be visualized during slit-lamp biomicroscopy 2 weeks after treatment [11] . It can also be visualized with confocal microscopy (IVCM) and anterior segment optical coherence tomography (OCT). This is represented by a hyperreflective line within the corneal stroma at approximately 300 μm. The depth of the demarcation line has been suggested to represent the effectiveness of CXL treatment and marks the border of the corneal stroma that is denuded from keratocytes [12, 13] . However, some recent studies argue against this suggestion [14, 15] .
The purpose of this study was to compare the depth of the corneal stroma demarcation line developing after the Dresden protocol and the accelerated protocol, using anterior segment OCT. Refractive laser ablation was used in some of our patients as indicated, according to the surgeon's preference.
Subjects and Methods
This is a retrospective case series analysis of patients undergoing CXL treatment, in the Ophthalmology Unit of the Ophthalmica Eye Institute, Thessaloniki, Greece. Only patients with progressive KC were included in this study.
KC was diagnosed based on typical corneal topography -Pentacam Scheimpflug Imaging System (Oculus, Inc.,) -findings and clinical signs (Fleischer ring, Vogt striae, stromal thinning, and conical protrusion). Only Grade I and II eyes according to the Amsler-Krumeich classification were included in the study.
The inclusion criteria were progressive KC, corneal thickness > 400 μm, and age > 18 years. Exclusion criteria were age < 18 or > 45 years, corneal thickness < 400 μm, no clear demarcation line over repeated OCT scans, presence of any other corneal or anterior-segment pathology, and history of pregnancy or lactation.
For all study participants, demographic data including age and gender were recorded. Every patient underwent complete ophthalmic examination preoperatively, including corrected VA measurement. VA measurement and the ophthalmic examination were repeated at least 3 months postoperatively. All patients underwent Pentacam imaging preoperatively and at least 3 months postoperatively. Based on the Pentacam measurements, the preoperative and postoperative K values (minimum, maximum, and mean), as well as the preoperative and postoperative minimum corneal thickness were recorded.
Two surgeons (M.B. and Z.Z.) completed all procedures under sterile conditions using epithelial-off CXL. Topical anesthesia with proxymetacaine hydrochloride 0.5% (Alcaine) was used for all patients preoperatively. Following that, the corneal epithelium was removed using the excimer laser EX500 (Wavelight Laser Technologie AG). According to the surgeon's preference, topographyguided excimer laser stromal ablation could be performed. Twen-Accelerated, Pulsed CXL versus the Dresden Protocol in Keratoconus 3 Med Princ Pract DOI: 10.1159/000505598 ty-one eyes received excimer ablation in combination with CXL. Previous ablation was not associated with the depth of the demarcation line (p = 0.375). This may be related to the fact that CXL treatment followed the application of excimer laser; therefore, CXL only affected the remaining corneal stromal bed. CXL was completed using the Avedro device (Avedro, Waltham, MA, USA). Before CXL, 0.1% riboflavin, saline, HPMC drops (VibeX Rapid; Avedro, Waltham, MA, USA) were applied for 10 min (instilled on the center of the cornea every 2 min). The two CXL techniques applied were the Dresden protocol involving 30 min of UVA irradiation (370 nm, 3 mW/cm 2 ) as originally described by Wollensak et al. [6] versus 18 min of pulsed UVA in Group 2 (20 mW/cm 2 , 7.2 J/cm 2 , pulsed profile: 1 s on, 2 s off). The Dresden protocol was the technique implemented first in our clinic before we switched to the newer accelerated protocol. Therefore, no systemic randomization was used but consecutive patients were enrolled in both groups.
The Spectralis (Heidelberg Engineering, Heidelberg, Germany) anterior segment spectral domain OCT was used for the measurement of the depth of the demarcation line 3 months postoperatively for all study participants. One grader (M.B.) made all measurements centrally in the cornea using the Spectralis software. Only patients with a clearly visible demarcation line were included in this study. Four patients (1 from Group 1 and 3 from Group 2) were excluded as the demarcation line could not be identified clearly postoperatively. We could not identify any qualitative association between the presence of the demarcation line and the treatment protocol used.
Statistical analysis was performed using SPSS for windows (version 24.0; SPSS, Chicago, IL, USA). We calculated that for an alpha value of 0.05 and a power level of 90%, a sample of just over 50 subjects (1: 2 enrollment ratio) would be sufficient. Independent samples t test was used to compare the 2 groups, and p values < 0.05 were considered statistically significant.
Results
Fifty-nine eyes of 35 subjects were included in the analysis. Group 1 consisted of 19 (32.2%) eyes -11 eyes (57.9%) had Grade I KC, and 8 eyes (42.1%) had Grade II KC -and Group 2 was composed of 40 (67.8%) eyes -23 eyes (57.5%) had Grade I KC, and 17 eyes (42.5%) had Grade II KC. The descriptive statistics of the study participants and the preoperative K values and minimum corneal thickness are summarized in Table 1 . The mean age of the participants in Group 1 was 22.21 years, and in Group 2, it was 26.55 years (p = 0.184). The mean preoperative K value in Group 1 was 44.89 and 45.20 D in Group 2 (p = 0.768). Preoperatively, the mean minimum corneal thickness was 413.43 and 488.20 μm in Groups 1 and 2, respectively. The decreased minimum corneal thickness observed in the Dresden group might have been related to the fact that a limited range of clinical criteria were initially applied for CXL before it became a wellestablished treatment for KC. When the Dresden protocol became first available for the treatment of KC, most clinicians would be more conservative, considering it an option for more advanced cases of the disease, probably even as a last option before corneal transplants were taken into account. While clinical and research data confirmed the safety and efficacy of this new treatment, the criteria for its use became wider, and most clinicians would consider it an option earlier during the course of the disease. Furthermore, in several of our patients, the eye presenting with more advanced disease was treated first with the Dresden protocol, while the second eye was treated with the accelerated protocol when it became available.
The postoperative K values, minimum corneal thickness, and depth of demarcation line are summarized in Table 2 . The depth of the demarcation line in Group 1 was 322.50 and 319.95 μm in Group 2 (p = 0.937). Minimum corneal thickness was again lower in Group 1 (p = 0.027). The mean follow-up time in Group 1 was 7.2 months, and for Group 2, it was 6.9 months (p = 0.57). 
Discussion
The promising prospect of using accelerated CXL was developed to achieve a shorter treatment duration by increasing the illumination intensity accordingly. Its use is based on the Bunsen-Roscoe law of reciprocity, and a constant radiant exposure was maintained during the treatment. The same energy dose of 5.4 J/cm 2 can be delivered to stromal collagen adjusting UVA power and exposure time. A safety profile of high-fluence CXL at 18 mW/cm 2 for 5 min in vivo has been introduced [16] .
Studies comparing conventional and 30 mW/cm 2 CXL and 30 mW/cm 2 accelerated CXL suggest that both treatment protocols demonstrate similar functional improvements. However, topography outcomes were better with conventional CXL compared with this specific accelerated CXL, which is currently abandoned by most of the surgeons [17] . A review comparing the conventional and the accelerated protocol did not show any significant differences between the treatment options as efficacy, VA, and safety were not different between the groups [18] . A study comparing 4 irradiation protocols (3, 9, 18 , and 30 mW/cm 2 ) at 1 year of follow-up suggested that the greatest flattening effect was for the conventional method [19] . Irradiance of 9 mW/cm 2 accelerated CXL has been shown to stabilize KC and corneal ectasia, improving the corneal topography and best-corrected VA at the same time. The results of the 24 months follow-up were comparable with the conventional 3 mW/cm 2 CXL. On the other hand, 18 mW/cm 2 accelerated CXL was less successful in flattening the cornea topography compared to the conventional CXL [20, 21] . In a different study, 40-45 mW/cm 2 for 2 min was associated with increased corneal stiffness compared to the Dresden protocol, but this was not confirmed for intensities > 50 mW/cm 2 . Reduced depth of the demarcation line and reduced biomechanical stiffness have been reported with these accelerated CXL techniques [22] , and insufficient oxygen diffusion has been proposed as the mechanism responsible [23] . However, multiple studies have shown no significant difference between conventional and accelerated CXL regarding the uncorrected, best-corrected VA and the refractive outcome after treatment. Acceptable efficacy of accelerated protocols has been shown in all these studies [24, 25] . By the same token, early data on the use of pulsed, accelerated CXL show that the technique is safe and effective in the treatment of KC [26, 27] . Analysis of different pulsed profiles can help clarify the structural outcomes of CXL and assess the most effective treatment protocol.
On the other hand, in vivo IVCM showed that keratocyte apoptosis and treatment penetration differed significantly between continuous and pulsed, high-irradiance, UVA light, accelerated protocols. This difference may be affecting the long-term results of CXL treatment in arresting KC progression [28] . There are also concerns whether the depth of the demarcation line is predictive of the long-term outcomes of CXL [15] .
Mazzotta et al. [14] conducted a trial utilizing 30 mW/ cm 2 with a higher energy dose of 7.2 J/cm 2 continuous and pulsed light. Visual function and refractive improvement of the accelerated CXL method were comparable with the Dresden protocol after 12 months of follow-up. However, a mean treatment penetration of about 150 μm was documented after 30 mW/cm 2 of continuous light. IVCM and OCT imaging confirmed the presence of cellular changes including apoptosis, nerve disappearance, and demarcation line depth induced with this technique. On the contrary, penetration was deeper (average of about 220 μm, range 200-250) after the pulsed, accelerated CXL. Accelerated CXL with higher UVA power and reduced treatment exposure time showed less penetration, while pulsed UVA light enabled a deeper penetration. Deeper cell viability can also be achieved with prolonged exposure, while the energy dose delivered to the corneal tissue is kept stable [29] .
The chemical reactions taking place during these two methods have been described recently. Riboflavin consumption in the corneal stroma has been shown to be energy dependent in accordance with the Bunsen-Roscoe law, while a high-irradiance protocol resulted in riboflavin consumption faster than conventional irradiance when the stroma was fully enriched with the therapeutic molecule [30] . Pulsed UVA illumination can achieve higher singlet oxygen concentrations for crosslinking of collagen molecules. According to photochemical crosslinking studies based on a kinetics model, UVA illumination in a riboflavin-soaked cornea causes a rapid depletion of the oxygen. On the other hand, turning the UV light off leads to replenishment of the oxygen to its original levels within 3-4 min. Pulsing the UV light theoretically increases the oxygen concentration by slowing the rate of oxygen consumption and restarts the photodynamic type II reaction achieving an additional oxygen concentration for crosslinking of collagen molecules [8] . El Hout et al. [31] introduced a custom-made oxygen delivery mask connected to an oxygen wall outlet with a flow meter and bubble humidifier in order to achieve higher oxygen concentrations in the cornea with promising results. Accelerated Oxygen is an important element in the collagen-CXL reaction [8] . The presence of oxygen together with sufficient riboflavin penetration and adequate UVA exposure are required for effective crosslinking treatment [29] . The use of pulsed-light compared to continuous light may improve availability of oxygen during CXL treatment. Considering the riboflavin concentration routinely used, there is adequate evidence in the literature about the efficacy of pulsed accelerated treatments. Different chromophores or different riboflavin concentrations could be investigated in the future. Their potential interaction with various irradiation energy doses may enhance tissue effects and modify our current protocols.
Conclusion
In conclusion, corneal stroma demarcation line depth did not differ significantly between our pulsed, accelerated CXL protocol and the Dresden protocol. These two techniques may have similar efficacies in the treatment of KC.
